OBJECTIVE To assess the impact of institutional-level audit and collaborative efforts to share best practices on CT radiation doses across 5 University of California (UC) medical centers.
D espite a steady increase in the use of computed tomography (CT) in the past 2 decades, 1,2 there are few concrete standards for radiation doses. The American College of Radiology and other organizations promote performing CT scans with radiation exposures that are as low as reasonably achievable. However, in the absence of explicit definitions of achievable standards, radiation doses from CT examinations vary widely both within and across institutions. [3] [4] [5] [6] This variability suggests opportunity for improvement.
In recent years, numerous strategies were developed and adopted to lower CT doses. These involve a range of technological approaches, such as reducing tube current (mA) and peak kilovoltage, using automatic exposure control, tailoring radiation dose to patient size, and adopting iterative reconstruction.
7-9 Most of these strategies affect image quality, which can impair the radiologist's ability to identify imaging findings, and reduce comfort with reviewing the images. Therefore, lowering CT radiation doses generally involves tradeoffs for the interpreting radiologists. The determination on how to optimize dose-keeping the radiation dose as low as possible while retaining the diagnostic accuracy-tends to be made independently by individual physicians and institutions, contributing to the observed variation.
Variation also arises from differences in the priority that radiologists place on dose optimization and their beliefs regarding how it may impact diagnostic accuracy.
10-12
Achieving dose reduction requires buy-in and coordination among diverse individuals including radiologists, CT technologists, and medical physicists. Furthermore, dose reduction requires dose auditing to determine if protocols are leading to unnecessarily high CT doses.
13, 14 Duong et al 14 suggest that reviewing all protocols at a single institution could require the full-time effort of a dedicated individual for a full year. Obtaining dose reports, such as from the American College of Radiology Dose Index Registry (DIR) may be useful to compare dose levels to local and national averages, but requires infrastructure, radiologist buy-in, registry costs, and a willingness to compare doses across several specific protocols. 15 A barrier to dose reduction is that individuals and institutions have difficulty finding the right doses that balance diagnostic accuracy and patient radiation exposure. Such decisions may be best made using a consensus approach in which physicians share experiences and preferences across institutions. The University of California (UC) Office of the President funded a 3-year project to standardize and optimize radiation dose from CT across the 5 UC medical centers at Davis, Irvine, Los Angeles, San Diego, and San Francisco. The project strategy was to collectively define metrics, assess radiation doses, and move toward dose standardization. 4, 5 This article presents the results of our efforts using a combination of facilitylevel audit and collaborative efforts to share best practices.
Methods

Data Collection
The University of California, San Francisco, Committee on Human Research approved the study and waived informed consent. We collected radiation doses on diagnostic CT examinations performed between October 1, 2013, and December 31, 2014, at 12 imaging facilities associated with the UC medical centers 4,5 that use 34 scanners from GE Medical Systems, Neurologica, Philips, Siemens, and Toshiba. Images were uploaded from facilities to a single server using eXposure (Radimetrics, Bayer), a software tool for tracking patient radiation exposure. Raw dose metrics from digital imaging and communication in medicine tags were collected directly from CT scanners or picture archiving and communication system. The method for calculating effective dose from these metrics has been described. 4 ,5 Data were deidentified, electronically sent to a server at UCSF, and downloaded for analysis. We evaluated doses for the CTs of the chest, abdomen (all examinations including abdomen or pelvis), and head, which account for over 80% of all CT imaging performed at the medical centers.
4,5
Dose Audit
In April 2014, we provided collaborators at each medical center with a summary of their doses compared with the other medical centers using the 2 National Quality Forum (NQF) frameworks for reporting CT radiation dose. [16] [17] [18] The audit summarized several NQF suggested dose metrics including effective dose, dose length product, CT volumetric dose index, and size-specific dose estimate. We assembled affinity groups of medical physicists and technologists and radiologists, including the radiology section heads for the anatomic areas of chest, abdomen, and neuroradiology. We convened webinar meetings for each affinity group to review methodological questions on the creation and interpretation of the audit reports prior to the in-person meeting.
In-Person Meeting
In late April 2014, we invited the chest, abdomen, and neuroradiology section chiefs and the medical physicists and radiology technologists from the 5 medical centers to participate in a 1.5-day, in-person meeting to review the dose audits and share best practices. Radiologists were asked to come prepared to share their imaging strategies for common clinical questions (such as assessment for pulmonary embolism, renal stones, and headache), and to share representative images. Technologists were asked to explain how the decisions to image using different strategies were operationalized (ie, how a patient in the emergency department
Key Points
Question Does auditing and sharing of best practice across institutions lead to optimization of radiation dose in computed tomographic scans?
Findings In this study, after auditing and sharing of best practices the mean effective dose for chest and abdominal CT decreased by 19% and 25%, respectively, with the percentage of CT scans exceeding benchmarks decreasing by 48% and 54%, respectively. Mean effective dose in head CT scans varied less following auditing and sharing best practices, with some institutions increasing and some decreasing mean head CT doses.
Meaning Sharing best practices on CT dose optimization with professionals from different institutions can lower radiation doses and potentially improve practice.
with a given symptom would be imaged under various strategies).
For example, at one of the University of California medical centers, a lead technologist oversees the protocol assignment for all patients to ensure imaging protocols are consistent, whereas at another University of California medical center, rotating radiology residents oversee protocol assignment. A sampling of best practices discussed at the meeting is included in the Box. The meeting included lectures, sharing of images so that participants could discuss trade-offs between image quality and dose levels, large group discussions, and small breakout sessions to discuss variations in doses across sites, experience with dose optimization, and opportunities for standardization. The radiology section chiefs were asked to share their experiences with dose optimization (both positive and negative), their decision-making processes around dose reduction, and specific protocols for the most common imaging indications. During the meeting, there were 4 breakout sessions of anatomic area-specific affinity groups, composed of radiologists, physicists, medical technologists, and a note taker. Each group was asked to focus on specific indications for imaging, the protocols used for those indications, and to discuss when multiple phase imaging could be reduced. Each medical center was asked to generate a list of specific changes that they would make after the meeting and the logistics of sharing the plans with faculty and staff were discussed. Travel and accommodations were paid by the UC grant. Overall, 13 of 14 invited radiologists, 8 medical physicists, 5 radiology technologists, and 9 project coordinators and clinical administrators attended.
Evaluation of Impact
To evaluate the impact of the dose audit and in-person meeting on medical center doses, we compared the distribution in effective dose during the 12-week baseline period and a 12-week period following the in-person meeting, calculating percentage change in dose following the meeting. We used previously published diagnostic reference levels as benchmarks for each anatomic area, defined as the 75th percentile of radiation dose across all medical centers. Diagnostic reference levels are generally considered as dose levels that should not be exceeded without good reason, although these were not explicitly used in this way during the time of the study. 4 We calculated the percentage of scans exceeding benchmarks at baseline and after the in-person meeting. For all comparisons, we excluded CT examinations within 12 weeks immediately following the meeting, which was considered an implementation period for medical centers to make the changes identified at the meeting. We conducted sensitivity analyses varying the length of the implementation period between 1 week and 12 weeks to see if conclusions were robust to this choice.
To visually evaluate trends in imaging over time and changes potentially related to provision of audit feedback and the in-person meeting, we graphed lines of dose over the entire study period. We fit a nonparametric cubic smoothing spline to the data, with a smoothing parameter of 50 using PROC GPLOT in SAS statistical software (version 9.3, SAS Inc). No period was excluded from graphing. The identification of the medical centers in the tables (using a combination of letters and numbers) was done so that medical center size could not be used to link the doses with a particular medical center.
Results
From October 1, 2013, through December 31, 2014, 158 274 diagnostic CT scans were performed including 29 594 during the 12-week period prior to providing audits and the in-person meeting; 30 423 scans during the 12-week implementation period; and 32 839 in the 12 weeks after the audit and in-person meeting ( Table 1) . Most CT scans were of the abdomen and head. There was variation across anatomic areas regarding which site had the highest dose.
Change in Mean Dose
The mean effective dose for the chest and abdomen changed considerably following the audit and in-person meeting (Figure) . For chest, there was a considerable 18.9% reduction in mean effective dose across medical centers (decreased from 13.2 to 10.7 mSv), reflecting a change in mean effective dose ranging from 3.8% to 23.5% across the centers. The largest decline occurred at the medical center with highest dose at baseline (UC2 in Table 2 decreased from 20.4 mSv to 15.6 mSv). For abdomen, there was a 25.0% reduction in mean effective dose across medical centers (decreased from 20.0 to 15.0 mSv), reflecting a change in mean effective dose ranging from 10.8% to 34.7% across centers. The largest decline occurred at the medical center with highest dose at baseline (UC1 decreased from 24.8 to 16.2 mSv). For both chest and abdomen, reductions in median dose were also considerable: 29% reduction for chest and 34% for abdomen. Variability of doses was reduced, as indicated by narrower interquartile ranges (Table 2) . For head CT, doses across medical centers became more similar over time, although the direction of changes varied (Figure) . The medical center with the highest dose at baseline (UC3) showed an 8.8% reduction in dose (3.4 mSv to 3.1 mSv), whereas the medical center with the lowest dose at baseline (UC2), demonstrated a 16.7% increase in dose (1.8 mSv to 2.1 mSv). Head CT doses varied less over time, as reflected in the decline in interquartile range from 1.4 mSv before the audit and in-person meeting to 1.1 mSv after.
Change in Proportion of CT Examinations Exceeding Benchmarks
The average proportions of CT examinations exceeding benchmarks at baseline were 21%, 24%, and 24% for chest, abdomen, and head, respectively. Following the intervention, reductions in the proportion of scans that exceeded benchmarks were 48% for chest scans and 54% for abdomen scans ( Table 3 ). All medical centers demonstrated considerable reductions in the proportions of chest and abdomen scans exceeding benchmarks, ranging from a 17% reduction to an 80% reduction. Overall, the proportion of head CT examinations that exceeded the benchmark decreased 1%, but the direction of change in proportion of high-dose examinations varied. The medical center with the highest proportion of examinations above the benchmark at baseline (UC3, where 82% of examinations exceeded the benchmark) demonstrated the largest decrease (34%) following the audit and in-person meeting; 82% of examinations exceed the benchmark at baseline compared with 54% after the meeting, reflecting a 34% reduction.
The results were largely the same when we varied the length of time for the implementation period.
Doses changed markedly around the time of the intervention ( Figure) and the timing of the change was faster for chest and abdomen than head imaging. For seasonality comparison, no drop in effective radiation dose occurred during the same time period the following year across the UC medical centers.
Discussion
We found a considerable decrease in average radiation doses and the proportion of chest and abdomen CT examinations that exceeded benchmarks after providing radiologists and medical physicists with quantitative institutional feedback summarizing CT radiation doses and an in-person meeting to share best practices. Feedback followed the NQF format for radiation dose measures. 18 The same intervention resulted in reduced variation in doses for head CT, but no shift in average doses. Using the methodology outlined by Berrington de Gonzalez et al 19 and Miglioretti et al, 20 we estimate that the average reduction in abdominal CT dose of 3 mSv that we found, if applied to all abdominal CTs performed in the US, would result in the aversion of approximately 12 000 future cancers nationally per year. These findings indicate a benefit to reviewing summary institutional radiation doses, providing feedback to radiology practices, and bringing professionals together to discuss strategies for improvement. The difference in the impact of the feedback on CT doses for chest and abdomen compared with head was unexpected. The audit and meeting appeared to bring the 2 medical centers with the highest and lowest baseline head CT doses closer to the doses of other institutions. However, average doses did not consistently decline, possibly because of less opportunity for head CT dose reduction if doses are already optimal. Another possibility is that doses for head are lower than other anatomic areas, making dose reduction a lower priority for the medical centers, as well as neuroradiologists.
Previous studies demonstrated dose optimization using quality improvement techniques for specific CT examination types, such as coronary imaging.
11,12,21 Another study brought radiologists and radiology residents together to discuss dose-reduction techniques and reduced doses within specific protocols, such as for renal mass CT. 22 Our work expands on these studies, because our effort covered most imaging study types rather than focusing on specific imaging indications. Relatively few studies have covered optimizing doses across all areas in the United States, but several studies in Europe focused on optimizing doses across larger groups of patients and indications. 23, 24 Our study follows the Six Sigma philosophy framework 25 outlined by Feld and Stone 26 to promote organizational actions and decisions: define, measure, analyze, improve and control (DMAIC). The DMAIC strategy aims to develop commitment from institutions and ensure that management personnel are actively involved in the quality improvement process. 25 During the first year of our collaboration, we defined the metrics we would assess and strategies to summa- confidentiality. This numbering is not the same convention as used in Table 1 . rize doses at the institutional level. During the second year, we analyzed doses and created opportunities for medical centers to improve by sharing best practices. The month of the inperson meeting, we provided dose audits to the institutions, and discussed how each center could best contribute to the meeting. In the months following the meeting, we reassessed doses to determine how the in-person meeting and audit review affected medical center doses. The primary goal of the in-person meeting for UC radiology professionals was to share strategies on lowering radiation dose without affecting diagnostic performance. It focused on common clinical scenarios, such as imaging patients with pulmonary embolism. We chose the most common indications for imaging (determined by a survey of participants who recorded the indication for imaging for 100 consecutive examinations in each area), and focused on areas with variation among practices. For example, the use of multiphase scanning for the indication of pulmonary embolism varied across medical centers, making it a focus of our discussions.
We did not review or directly compare the hundreds of protocols used across sites because of time and expense. For example, in 1 study, 27 a hospital system created a multidisciplinary committee that met in person and discussed protocol development and optimization over email. The approach required 60 person-hours and $12 000. 27 At another system, a committee reviewed, optimized, and developed standard protocols for the most common CT examinations in their health system. 28 The percentage of outliers in pediatric and adult scans decreased after the first year of protocol distribution, and this trend persisted when a dose-tracking program was implemented. 28 In contrast, our project discussed general approaches for imaging patients and lowering doses, and empowered radiologists to decide where to prioritize their efforts. Our results showed that a more targeted approach, guided by the priorities of the involved clinical sites, could also be effective. For medical centers to optimize and lower radiation doses, data collection and analysis of their doses is necessary. Our results suggest that assessing doses using the NQF dose measures provides a useful framework. [16] [17] [18] Several commercially available dose-monitoring programs could facilitate this dose assessment. Alternatively, data can be manually collected and assessed with minimal resources, even if an institution lacks electronic dose-collection tools. [16] [17] [18] Including radiation dose metrics in a dedicated and standardized field in electronic health records would greatly facilitate internal dose assessments over time, and comparisons across institutions. The ACR DIR allows registered facilities to compare specific radiation dose indices with regional and national values in specific protocols. 15 Studies incorporating DIR data have successfully reduced doses in specific protocols, such as thoracic CT angiography.
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The strengths of our study are its large size and broad inclusion of most CT scan types. The use of a single software tool for data aggregation provided a consistent and uniform source of data from each site.
Limitations
Our study also has several limitations. First, since our design was observational, the temporal change in doses that occurred around the time of our in-person meeting might have happened without our intervention. However, we observed no clear or consistent pattern of dose decline prior to the intervention, nor any other consistent change up to 1 year follow- ing the intervention, suggesting our collaborative meeting was causally associated with the dose reduction. A randomized trial would provide more definitive evidence of the association between dose feedback and dose. Discussions at the in-person meeting were broad and open-ended. The meeting was casual, to allow professionals to freely discuss their work. Therefore, we did not record the specific topics, protocols or anatomic sites that were covered most frequently and cannot determine which discussions were most effective. We did not measure diagnostic accuracy and do not know if dose reductions were associated with loss in quality or accuracy. We found in previous work that case mix is broadly similar across the included medical centers, making comparisons across medical centers valid even without our broad anatomic areas. 5 In addition, because each medical center was compared with itself before and after audits, as long as the case mix did not change profoundly over time within a medical center, case differences should not have affected the results.
Conclusions
Providing dose audit feedback and sharing best practices on dose optimization was associated with meaningfully lower radiation doses. Reducing unnecessary variation in radiation dose across hospitals and imaging facilities is a complex but important process for improving patient safety. This study indicated that inclusion of dose audit data can lead to lower and more consistent CT doses. Importantly, bringing health professionals together to discuss best practices after receipt of a site-specific audit report can change the approach to dose management and optimization, which could effectively lower CT doses. The study by Demb and colleagues 1 reports on the positive results of an intervention strategy to reduce excess radiation exposure across 5 academic medical centers associated with the University of California. Leading up to this intervention, a variety of initiatives and recommendations had been implemented across these institutions to help guide institutions in this effort. However, significant variation between institutions had remained, in part because single institutions found it difficult to determine the "right" dose of radiation that balances diagnostic accuracy and minimizes radiation exposure for the patient. By creating a venue for leaders from the 5 institutions to collectively define and standardize best practices, with allowance for flexibility within each institution to create an optimal set of tactics best suited for each institution, the study team 1 hypothesized that greater reductions (and less variation) in radiation exposure could be achieved. And they were right.
What were the critical components of their intervention and how can it be replicated at other institutions? Based on the abstract, 1 this was a program that consisted of audit and feedback of radiation exposure levels, followed by a 1.5-day meeting with radiology professionals from each institution to review reports and share best practices. However, a review of the literature can find many examples of improvement programs with approaches similar to this one that have failed to achieve their goal (and many more unpublished). Systematic reviews find that the success of audit and feedback on behavior change can be hugely variable. 
